Fluid ow, passing at high speed over an open cavity on a surface, interacts with the structure producing pressure uctuations within the cavity. If the intensity of the acoustic pressure is large, it may damage stored instrumentation and electronic devices and induce structural vibration and fatigue. Several experimental and numerical investigations have been conducted with the goal of control the acoustic oscillations. However, the full capability of these methods have not yet been realized due to lack of an appropriate model to use in control design. Here we present one such mathematical model for the acoustic eld in an open cavity in a plane where ow/acoustic interactions and nonlinear e ects are considered.
INTRODUCTION
When uid at high speed ows over an open cavity, large acoustic pressure elds inside the cavity are produced by uid/structure interactions at the downstream end of the cavity. In the case of an airplane, acoustic waves are created in wheelwells during takeo and landing, and in weapon and/or surveillance bays during ight. Pressure uctuations can be so high as to damage stored instrumentation . This increases the importance of attenuating the pressure eld created within the cavity. In order to succeed in systematic noise reduction, a mathematical model that captures the essential features of the physical process will be fundamental.
A number of authors have studied the physical mechanism that induces the acoustic waves along with di erent means to control it. These e orts have involved a variety of cavity shapes and Mach numbers. It is now known that this physical mechanism results in di erent characteristics depending on the ratio length/depth (l=d) of the cavity. In this regard, a cavity is usually classi ed as shallow or deep depending on whether its ratio l=d is greater or is less than 2, respectively. In our considerations here we discuss ow over a shallow cavity.
In 6], H.H.Heller and D.B.Bliss consider a shallow cavity for analysis and experiments. They describe the uid/cavity interaction as a six step feedback loop where instabilities of the shear layer cause a mass addition/removal process at the cavity downstream end. They predict the mode shapes and amplitudes and implement suppression techniques to reduce them. In 3], Cain, Bower, McCotter and Romer consider the cases of supersonic and subsonic/transonic ow and give a classi cation of the ow type along with the corresponding pressure prole for each case. They focus on the case of an \open cavity ow" consisting of cavities satisfying the condition l=d < 10, and describe the problem as a fourstep process where each step is modeled and used to develop a code for simulation. In 8], Rockwell and Nausdacher consider three di erent groups based on what originates and sustains the oscillations in the cavity. They discuss the physics characteristics and mathematical models for the frequencies and amplitudes in each case. In their paper they present an extensive summary and comparison of e orts prior to 1978 in terms of analysis, attenuation means and experimental results.
Here we present a physical-based nonlinear mathematical model for the uid/structure interaction in a two-dimensional shallow cavity with 2 < l=d < 10. In this case the uid-induced oscillation process begins when a boundary layer separates at the upstream end of the cavity, creating an unstable wave. This wave propagates and ampli es downstream across the top of the cavity until it reaches the downstream end of the cavity, where it interacts with the structure, generating an acoustic eld. The acoustic wave then propagates back upstream inside the cavity until it reaches the upstream end, feeding the disturbances in the shear layer (see, e.g. The model presented here is derived from the conservation laws of mass and momentum and the state equation, which relates the pressure, the density and the temperature of the uid.
We consider the two dimensional problem for a rectangular shallow cavity where the ratio length/depth is greater than 2 but less than 10 (referred to as \open cavity ow" by Cain et al.), as depicted in Figure 1 . The freestream ow is assumed to have a uniform mean speed denoted by U with a Mach number M . The uid in this region is assumed to be a perfect gas, with small variations in density, and thus it may be regarded as incompressible and viscous. However, inside the cavity, it is assumed that the viscous e ects above the shear layer do not play a key role in the creation and propagation of the acoustic waves. Hence, as our rst approximating model we assume a compressible inviscid uid above the shear layer, inside the cavity, and incompressible viscous ow everywhere else.
We also assume that the uid temperature is the same outside and inside the cavity, and thus the stationary values for pressure and density are the same inside and outside of the cavity.
Based on these considerations, we proceed to derive the equations for the motion of the ow.
Governing Equations for the Freestream Flow
Consider rst the freestream ow, which is assumed to be viscous, incompressible with a uniform mean speed U (see Figure 1) . Therefore, its motion may be described by the Navier-Stokes equations 
where u f = (u f ; v f ) is the velocity of the ow, f is density, is the viscosity coe cient, p f is the pressure, R is a constant, called the gas constant, and T is the temperature. If the uid's viscosity is taken to be constant in space, the equation of motion (1) The speed of sound of a perfect gas, denoted by c, is given by
where C p is the speci c heat at constant pressure and C v is the speci c heat at constant volume. In particular, = 1:4 for air. Then, the equation of state is given by
Note that we assume that the temperature is constant, thus the speed of sound c is also constant. By de ning we may write p f = c 2 0 f : (6) Combining the continuity equation (2) and the state equation (6) we have @p f @t = ?r (p f u f ) = ?rp f u f : (7) Since variations in uid density in the freestream ow are very small, we may approximate f by its mean value 0 . Therefore, the equations of motion for the freestream ow reduced to 
Remark 2 Note that we approximate f by 0 only in the Navier-Stokes equations.
Governing Equations for the Acoustic Waves
The acoustic waves inside the cavity propagate in a region determined by the shear layer and the cavity. It was observed in experiments conducted by Heller and Bliss, 6] , that the cavity uid can be described by the acoustic wave equation; hence the uid may be regarded as compressible and inviscid as depicted in Figure 1 . In order to model the motion of the acoustic waves we consider the basic equations of balance of mass and momentum and the equation of state.
Hence, the equations that describe the uid motion are the Euler's equations Therefore, the motion inside the cavity may be described by the following equations 
Figure 2: Boundary Conditions
We assume that the ow satis es the nopenetration condition at the walls of the cavity and the no-slip condition at the walls outside the cavity, that is, u c n = 0; at cavity walls u f = 0; at surfaces outside the cavity:
Here n denotes the unit vector normal to the wall (see Figure 2) and 0 is the null vector, that is, 0 = (0; 0). Also, we assume that there is no change in pressure magnitude in the normal direction at the walls, either inside or outside the cavity, i.e. rp c n = 0; rp f n = 0;
at the walls.
Remark 4 The conditions on the pressure follow from the Navier Stokes equations (8) and equation (18) by considering the normal component to the walls of each term and assuming that the rst and second derivatives of the velocity components are small and may be neglected.
Interface Conditions
The uid is governed by di erent di erential equations depending on whether it is above or below the shear layer. In this section we specify the interface or coupling conditions to be satis ed by the velocity and pressure at the shear layer.
Interface Condition for the Velocity
As stated in the introduction, the shear layer generates and feeds acoustic waves inside the cavity which in turn, feed disturbances in the shear layer. This process induces di erent velocity distributions in the uid above and below the shear layer, so that we have a uid owing one above the other having di erent velocity pro les, which is a special case of a Kelvin-Helmholtz instability. In particular, there is a discontinuity of the velocity in the tangential direction with respect to the shear layer, while the velocity in the normal direction remains continuous. To develop appropriate interface conditions, the shear layer is viewed as an in nitesimally thin surface, a surface of discontinuity, separating the two uid ows (see Figure 3) . Remark 5 It is important to note that the tangential and normal components of the velocity with respect to the shear layer are not necessarily the horizontal and vertical components of the velocity. This is depicted in Figure 3 .
We de ne H(t; x; y) h(t; x)?y where the shear layer interface is de ned by y is = h(t; x) and the y?axis is positive downward with y = 0 at the mouth of the cavity. Then the normal to the shear layer at any time t is given by n = rH jrHj 
Remark 6 From the equation (23) we can see that
is constant in x (i.e., the shear layer is horizontal) or in the special case that the horizontal velocities u f and u c coincide (i.e., there is no shear layer).
Remark 7 In equation (24) we have approximated u f by the mean freestream velocity, U . We are, thus, assuming that the uid ow below the shear layer is driven mainly by the freestream, and the perturbations produced by the shear layer are small compared to U .
Remark 8 Above the shear layer, the ow has zero horizontal mean velocity. However, at a particular position u c varies in direcction and magnitude, and its value may be high compared to its mean value 0. Approximating u c by its mean value would entail averaging the velocity in the whole cavity and for this reason we do not make this approximation on u c .
Interface Condition for the Pressure
Another interfacial condition is given by the stress tensor, which must have a continuous normal component at the interface (see 1], 5], 7]). Since we neglect viscosity e ects inside the cavity, the stress tensor inside the cavity is given by (25) Furthermore, we assume that viscous terms of the stress in the direction normal to the shear layer are small compared to the pressure terms, i.e. and therefore it may be neglected.
Remark 9 In other words, we are approximating the stress component normal to the shear layer by the pressure in the normal direction, i.e.
n S f j y=h ? p f nj y=h :
Hence, we obtain the continuity condition for the pressure at the interface p f j y=h = p c j y=h : (26) Remark 10 If the uid is considered inviscid everywhere, the condition of continuity for the pressure follows immediately from the continuity of the tensor.
Approximation of the Interface Surface By considering the shear layer as the boundary where the interface conditions are imposed, we are dealing with a moving domain. For computational purposes we approximate the interface surface by the arti cial boundary y = 0, which is just the straight line connecting the ends of the cavity. Therefore, the interface conditions are further approximated by We consider the interaction ow-cavity within the domain = f c . The ow motion can be described by combining the equations for the uid in each subdomain, given by equations (8)- (10) We will seek solutions that satisfy homogeneous boundary conditions since these can be translated into solutions satisfying (35) in a straight forward manner (see 2]).
We then have, along with the coupling equations (38), the system ?c 2 0
